With the addition of perfluorooctanesulfonate (PFOS), chlordecone, hexachlorocyclohexane (HCH) 28 isomers and endosulfan to the Stockholm Convention, the list of chemicals addressed by the 29 Convention no longer consists solely of hydrophobic organics. Water has become a widely used 30 environmental matrix for monitoring POPs, particularly for the chlorinated pesticides, despite 31 challenges related to collecting samples and determining trace levels. Here we review the sampling 32 and analytical considerations for water sampling of POPs in general, and the hydrophilic POPs in 33 particular, with the goal of identifying and recommending best approaches particularly for 34 assessment of spatial and temporal trends on a global scale. Methods are available for both "active" 35 and "passive" sampling of water for hydrophilic POPs, however, no single approach can be 36 recommended at this time. A performance based approach in which the sampling and quantitative 37 analysis is evaluated is needed so that future global trends of hydrophilic POPs can be monitored. 38 39 Keywords: 40 perfluorooctanesulfonate (PFOS), chlordecone, hexachlorocyclohexane (HCH), endosulfan, 41 dieldrin, passive sampling, seawater, oceans, lakes 42 Abbreviations/glossary 43 GMP, global monitoring plan of the Stockholm Convention 44 POCIS, Polar organic chemical integrative sampler; 45 PRC, Performance and reference compound 46 QA/QC, quality assurance/quality control 47 SPE, Solid-phase extraction; 48 SPMD, Semi-permeable membrane device; 49 TWA, Time-weighted average 50 XAD TM , hydrophobic crosslinked polystyrene copolymer resin 51 Empore TM disk, particle loaded disk within an inert matrix of polytetrafluoroethylene 52 OASIS HLB TM , a polymeric reversed-phase sorbent 53 LDPE, Low-density polyethylene plastic 54 POM, polyoxymethylene plastic 55 PFASs, perfluoro-and polyfluoroalkyl substances 56 PUF, polyurethane foam 57 LC-tandem MS, liquid chromatography-tandem mass spectrometry 58 WAX, weak anion exchange solid phase cartridges 59 Kow, octanol-water partition coefficient 60 CTD, Characteristic Travel Distance 61 EQS, Environmental Quality Standard 62 EQG, Environmental Quality Guideline 63 AWQC, Ambient Water Quality Criteria 64 3 NOEC, No observable effect concentration 65 4 66 1. Introduction 67 Water concentrations of persistent organic pollutants (POPs) in large lakes, coastal seas, and open 68 oceans reflect a dynamic balance of inputs via rivers and atmospheric deposition as well as re-69 release from sediments, and removal pathways such volatilization and sedimentation [1, 2]. Long-70 term data on POPs in water thus provides important information that can be used to assess the 71 effectiveness of measures taken to reduce emissions. Concentrations of POPs in surface water are 72 directly linked to their bioaccumulation in the food-chain [3, 4]; hence knowing dissolved 73 concentrations in the water enables prediction of concentrations in aquatic species using 74 bioaccumulation factors or lipid-water partitioning and food web biomagnification models [5]. 75 With the addition of perfluorooctanesulfonate (PFOS) as well as the somewhat soluble 76 hexachlorocyclohexane (HCH) isomers, chlordecone, and endosulfan to the Stockholm Convention, 77
• existence of an existing routine sampling program with water chemistry data 146 • availability physical measurements (temperature, pH, conductivity/salinity), tidal conditions, 147 flow (e.g. outflow from a lake) from which to assess sampling depth e.g. consideration of 148 vertical gradients such as thermal stratification 149 • meteorological observations 150 • trained personnel to conduct the sampling. 151 • availability of suitable laboratory facilities to prepare sampling media and subsequently extract 152 and analyse the samples 153 154 2.2. Active systems and Solid phase media 155 "Active" sampling refers here to direct collection via various means ranging from hand dipping of 156 sample bottles to in situ sampler pumps which all provide a snapshot of prevailing concentrations. 7 stainless steel vessels or by use of Van Dorn, Niskin or "Glo-flo" samplers used in limnological and 161 oceanographic sampling. There is potential for wall effects (contamination, sorption) particularly 162 with small volumes [28, 29] but these are less of a problem for hydrophilic POPs. Adsorption losses 163 can be evaluated using spikes of surrogates added to sample containers or to oceanographic bottles 164 once they have been brought to the surface. 165 Sample collection is typically done subsurface to avoid contamination from surface 166 microlayers which can have elevated concentrations of POPs [30, 31] as well as to minimize 167 exposure to boat motor exhausts and airborne contaminants emanating from ships [23, 32] . 168 Direct pumping thru a filter into a column holding the solid phase media has been widely 169 employed in studies of HCH and endosulfan in remote lake and ocean waters (Table 4 ). There are 170 many variations of this including the use of in situ samplers which are programmed to turn on and 171 off underwater, and in line systems bringing seawater directly into clean rooms on ships (Table 4) . 172 Solid-phase extraction (SPE) cartridges have been widely used to extract relatively small 173 volumes (1-5 L) for HCH, endosulfan and other chlorinated pesticides. They also have the 174 advantage of being performed in the field with simple portable pumping equipment [33] and other 175 media such as divinylbenzene solid-phase disks have been shown to outperform XAD resins for 176 OCP and PCB extractions of filtered water [34] . indicating that analytes with log Kow values in the same range as these PRCs had reached or were 201 close to equilibrium. The major conclusions of the study were: 202 1. Passive samplers provided data that was less variable than that from "whole water" sampling 203 since the latter may be strongly influenced by levels of suspended particulate matter. 204 2. Detection limits were much better with passive samplers due to high sampling rates and 205 sampler/water partition coefficients. The period of time of deployment is an important consideration for passive samplers. There 214 exists a trade-off between longer deployment periods to maximize uptake of POPs while limiting 215 biofouling in the field. During their deployment, passive samplers integrate dissolved 216 concentrations over time, until equilibrium is reached. Time to equilibrium is chemical-specific for 217 different sampler types and dependent on the sampler-water partition coefficient values, i.e. sorptive 218 capacities for particular chemicals. Passive samplers can either be deployed as equilibrium samplers 219 or in the linear uptake phase (integrative sampling). For the various POPs, times to reach 220 equilibrium will vary dramatically between e.g., the HCHs and DDTs. The long deployment periods 221 that are still adequate for integrative sampling of very hydrophobic compounds (log K ow > 6) such 222 as DDT will result in equilibrium sampling of less hydrophobic compounds. This means that the 223 sampler might not reflect TWA concentrations of hydrophilic POPs if it is exposed for extended 224 time periods. 225 For devices that operate in the linear or integrative mode, the sampling rate is given by the 226 product of the overall analyte mass transfer coefficient and the active surface area of the sampler. 227 Sampling rate may be interpreted as the volume of water cleared of analyte per unit of exposure 228 time (e.g. L day -1 ) by the device and is independent of the analyte concentration in the sampled 229 medium. It can be affected and modulated by the analyte diffusion and partition properties in the 230 media along the diffusional path (water boundary layer and polymers), and is determined in 231 laboratory calibration studies or via the use of PRCs in the field. 232 Often the main barrier to mass transfer is the water boundary layer (WBL) located at the 233 external surface of the sampler. In such a case the sampling rate is significantly affected by 234 environmental variables such as water temperature, flow rate and biofouling. If laboratory 235 calibration data is to be used for calculation of TWA concentrations, the effect of these variables 236 has to be either controlled or quantified. PRCs must be added to help understand if the sampler is 237 approaching equilibrium and the degree to which environmental variables such as temperature, Table 4 . 280 Samples for PFOS analysis have generally not been filtered prior to extraction. A study of 281 waters in the Elbe River (Germany) and the North Sea indicated that on average 14% of PFOS was hydrophilic POPs in water from background sites although, as illustrated by the studies cited in Table 4 , 313 multiple year sampling is occurring in some regions such as the Great Lakes, the Baltic, the Mediterranean, 314 the Sea of Japan/North Pacific, and the Arctic Ocean. must also be baked (350-450 o C) prior to use and stored in a sealed container. 324 Additional precautions for solid phase sampling systems are (1) field blanks consisting of 325 the same media that are attached temporarily to the pumping system during the sampling period (2) 326 procedural blanks prepared at the same time as the field blanks and held in the laboratory. 327 Comparison of the field and procedural blanks permits an assessment of contamination during 328 sampling [67]. The same approach is used for passive samplers. Field blanks are exposed to air for 
Conclusions
The first chemicals that were targeted by the Stockholm Convention, the so-called 'dirty-dozen' 382 were all hydrophobic compounds. The recent inclusion of endosulfan, chlordecone, HCHs, and 383 PFOS means that there are several water-soluble compounds now subject to global regulation, bans, 384 and phase outs. For the first time, water has been recommended as a sampling medium in the GMP 385 (for PFOS). Setting up a monitoring network for water is more challenging than for air, the current 386 recommended matrix [20], due to analytical requirements and sampling constraints. Location of 387 sampling sites that both reflect background conditions and can be accessed regularly is a key issue. 388 Ideally, this should involve collaboration with oceanographers/meteorologists to make use of 389 existing stations and monitoring networks. Critical components of any water sampling campaign 390 involve continuous access, contamination concerns, and financial sustainability. If routine sampling 391 is performed by non-specialists, adequate training has to be performed to minimize contamination 392 concerns. 393 For PFOS, snapshot sampling of small water volumes is possible, but for other hydrophilic 394 POPs, larger water volumes need to be collected to achieve adequate detection limits. In view of the 395 logistical and financial constraints of active sampling, passive sampling is a possible alternative for 396 POPs such as HCHs, endosulfan, chlordecone and recent developments suggest it may have future 397 application to PFASs. Passive sampling provides TWA concentrations, which are more meaningful 398 for biological exposure and arguably more suitable for trend analysis. However, there are logistical 399 challenges with passives particularly for deployment offshore in large water bodies. While there 400 been many interlaboratory studies on analysis of PFOS and on chlorinated pesticides including the 401 HCHs, there is a need to compare and contrast different sampling approaches (active, passive) for 402 hydrophilic POPs, and agree on best practices. 403 There is currently a lack of standard reference materials for water analysis, but the use of 
